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The spetrosopi strengths of two-nuleon transfer reations onstitute a stringent test for two-
nuleon orrelations in the nulear wave funtions. A set of losed analyti expressions for ratios of
spetrosopi fators is derived in the framework of nulear supersymmetry. These ratios are param-
eter independent and provide a diret test of the wave funtions. A omparison between the reently
measured
198
Hg(~d, α)196Au reation and the preditions from the nulear quartet supersymmetry
lends further support to the validity of supersymmetry in nulear physis.
PACS numbers: 21.60.-n, 11.30.Pb, 03.65.Fd
The Interating Boson Model (IBM) and its extensions
have provided a bridge between single-partile and olle-
tive behavior in nulei, based on the approximate bosoni
nature of pairs of idential nuleons that dominate the
dynamis of valene nuleons and that arise from the un-
derlying nulear fores. This is similar to the BCS theory
of semi-ondutors with its oupling of eletrons to spin-
zero Cooper pairs whih leads to olletive behavior and
to superondutivity. The oneptual basis of the IBM
has led to a unied desription of the olletive properties
of medium and heavy mass even-even nulei, pitured in
this framework as belonging to transitional regions be-
tween various dynamial symmetries [1℄.
Odd-mass nulei were also analyzed from this point of
view, by inorporating the degrees of freedom of a sin-
gle fermion [2℄. In 1980, Iahello suggested a simultane-
ous desription of even-even and odd-mass nulei through
the introdution of a superalgebra, with energy levels in
both nulei belonging to the same (super)multiplet [3℄.
In essene, this proposal is based on the fat that even-
even nulei behave as (omposite) bosons while odd-mass
ones behave as approximate fermions. At the appropri-
ate length sales their states an be viewed as elementary.
The bold and far-reahing idea was then put forward that
both these nulei an be embedded into a single onep-
tual framework, relating boson-boson and boson-fermion
interations in a preise way.
The onept of nulear supersymmetry was extended
in 1985 to inlude the neutron-proton degree of freedom
[4℄. In the new framework, a supermultiplet onsists of an
even-even, an odd-proton, an odd-neutron and an odd-
odd nuleus. Spetrosopi studies of heavy odd-odd nu-
lei are very diult due the high density of states. Al-
most 15 years after the predition of the spetrum of the
odd-odd nuleus by nulear supersymmetry, it was shown
experimentally that the observed spetrum of the nuleus
196
Au is amazingly lose to the theoretial one [5℄.
However, transfer reations provide a far more sensitive
test of the wave funtions than do energies. In partiular,
two-nuleon transfer reations onstitute a powerful tool
in nulear struture researh [6℄. In ontrast to the better
studied one-nuleon transfer reations where the single-
partile ontent of the states of the nal nuleus is sruti-
nized, two-nuleon transfer reations probe the struture
of these states in a more subtle way through the explo-
ration of two-nuleon orrelations that may be present.
The spetrosopi strengths of the two-nuleon transfer
reation depend on two fators: the similarity between
the states in the initial and nal nuleus whih dier by
two nuleons, and the orrelation of the tranferred pair
of nuleons. The information extrated through these re-
ations supply a hallenging test of the alulated wave
funtions for any nulear struture model.
The purpose of this Letter is to study two-nuleon
transfer reations in the Uν(6/12) ⊗ Upi(6/4) supersym-
metry via seletion rules and spetrosopi strengths and
to test the preditions against the reent data on the
198
Hg(~d, α)196Au reation obtained in 2004 [7℄. This
reation involves the transfer of a proton-neutron pair,
and hene measures the neutron-proton orrelation in the
odd-odd nuleus.
198
80 Hg118
ւ
195
79 Au116 ↔ 19679 Au117
l l
194
78 Pt116 ↔ 19578 Pt117
The nal odd-odd nuleus
196
Au has been suggested
as a member of a supersymmetri quartet of nulei [4℄
of the Uν(6/12)⊗ Upi(6/4) dynamial supersymmetry in
whih the odd neutron is allowed to oupy the 2νf5/2,
3νp3/2 and 3νp1/2 orbits of the 82-126 shell and the odd
proton the 2πd3/2 level of the 50-82 shell. It inorporates
both the U(6/4) sheme [3℄ for the even-even and odd-
proton nulei and the U(6/12) sheme [8℄ for the even-
even and odd-neutron nulei in the Pt-Au mass region. In
this extended sheme whih inludes the neutron-proton
degree of freedom, the four nulei
194,195
Pt and
195,196
Au
form a supersymmetri quartet.
2The relevant subgroup hain of U(6/12)ν⊗U(6/4)pi for
the Pt and Au nulei is given by [4℄
U(6/12)ν ⊗ U(6/4)pi
⊃ UBν (6)⊗ UFν (12)⊗ UBpi(6)⊗ UFpi(4)
⊃ UB(6)⊗ UFν (6)⊗ UFν (2)⊗ UFpi(4)
⊃ UBFν (6)⊗ UFν (2)⊗ UFpi (4)
⊃ SOBFν (6)⊗ UFν (2)⊗ SUFpi(4)
⊃ Spin(6)⊗ UFν (2)
⊃ Spin(5)⊗ UFν (2)
⊃ Spin(3)⊗ SUFν (2)
⊃ SU(2) . (1)
In a dynamial supersymmetry the Hamiltonian is ex-
pressed in terms of Casimir invariants of the groups ap-
pearing in the hain of Eq. (1) leading to a losed form
for the energy spetrum and a diret orrelation between
the wave funtions of the four nulei that make up the
quartet.
For simpliity, the ground state wave funtion of the
initial nuleus
198
Hg is taken to be that of the SO(6)
limit of the IBM [1℄∣∣198
Hg
〉
= |[Nν ], [Npi]; [N ], (N, 0, 0), (0, 0), 0〉 , (2)
where N = Nν + Npi is the total number of bosons. Its
parity is positive. In the nulear supersymmetry lassi-
ation sheme, the wave funtions of the nal nuleus
196
Au have a more ompliated struture sine they on-
sist of a bosoni part haraterized by the same number
of proton and neutron bosons as the initial nuleus
198
Hg,
and a fermioni part for the proton orbit jpi = 3/2 and
the neutron orbits jν = 1/2, 3/2, 5/2 haraterized by
the labels
π :
∣∣∣∣(12 , 12 , 12), (12 , 12), jpi = 32
〉
,
ν :
∣∣∣∣[1], (1, 0, 0), (τ, 0), 2τ, 12 ; jν
〉
, (3)
with τ = 0, 1. The labels of the proton orbital are
those of the spinor representations of SO(6) and SO(5)
[3℄. The neutron orbitals are deomposed into a pseudo-
orbital part k = 2τ (with τ = 0, 1) and a spin part
s = 1/2. The pseudo-orbital angular momenta span the
six-dimensional representations [1] and (1, 0, 0) of U(6)
and SO(6), respetively, whih ontain (τ, 0) = (0, 0) and
(1, 0) of SO(5) [8℄. The wave funtions of 196Au are ob-
tained by ombining those of the even-even nuleus of
Eq. (2) with the single-partile wave funtions of Eq. (3)
into∣∣196
Au
〉
= |[Nν ], [Npi]; [N ], [1]ν ; [N1, N2], (Σ1,Σ2, 0),(
1
2
,
1
2
,
1
2
)
pi
; (σ1, σ2, σ3), (τ1, τ2), J
′,
1
2
; J
〉
,(4)
Table I: States in
196
Au that an be exited from the ground
state in
198
Hg by the tensor operators T1, T2 and T3 of Eq. (6)
for two-nuleon transfer reations.
(σ1, σ2, σ3) (τ1, τ2) T1 T2 T3
(N ± 3
2
, 1
2
,± 1
2
) ( 1
2
, 1
2
)
√
( 3
2
, 1
2
)
√
(N ± 1
2
, 1
2
,∓ 1
2
) ( 1
2
, 1
2
)
√ √
( 3
2
, 1
2
)
√
(N ± 1
2
, 3
2
,± 1
2
) ( 3
2
, 1
2
)
√
where the labels denote the irreduible representations of
the groups appearing in Eq. (1) [4℄. Due to the hoie
of the single-partile orbits, the parity of the states in
Eq. (4) is odd.
In rst order, the form of the two-nuleon transfer op-
erator for the (~d, α) reation is simply given by
(a†jνa
†
jpi
)(λ) . (5)
In the IBM and its extensions the number of partiles or-
responds to the number of valene nuleons in the rst
half of the major shell and to holes in the seond half.
Therefore, in the present appliiation the reation oper-
ators in Eq. (5) orrespond to holes. The seletion rules
an be determined from the tensorial harater of the
proton and neutron orbits of Eq. (3). As a result, the
transfer operator of Eq. (5) an be expanded in terms
of three tensor operators T
(s1,s2,s3)
(t1,t2),J′,1/2;J
where (s1, s2, s3)
denotes the tensorial harater under Spin(6), (t1, t2) un-
der Spin(5), J ′ under Spin(2) and J under SU(2)
T1 = T
( 1
2
, 1
2
,− 1
2
)
( 1
2
, 1
2
),J′, 1
2
;J
,
T2 = T
( 3
2
, 1
2
, 1
2
)
( 1
2
, 1
2
),J′, 1
2
;J
,
T3 = T
( 3
2
, 1
2
, 1
2
)
( 3
2
, 1
2
),J′, 1
2
;J
. (6)
The allowed values of (σ1, σ2, σ3) and (τ1, τ2) of the wave
funtions of
196
Au are presented in Table I.
The matrix elements of the transfer operator of Eq. (5)
an be derived in losed analyti form by using standard
tensor algebra
〈
196
Au
∥∥ (a†jνa†jpi)(λ) ∥∥198Hg〉
= δλ,J (−)jν+J
′
Jˆ jˆν Jˆ ′


2τ 12 jν
J 32 J
′


3〈 [N ] [1]
(N, 0, 0) (1, 0, 0)
∣∣∣∣∣∣∣
[N1, N2]
(Σ1,Σ2, 0)
〉
〈 (Σ1,Σ2, 0) (12 , 12 , 12 )
(τ, 0), 2τ (12 ,
1
2 ),
3
2
∣∣∣∣∣∣∣
(σ1, σ2, σ3)
(τ1, τ2), J
′
〉
〈 (N, 0, 0) (1, 0, 0)
(0, 0), 0 (τ, 0), 2τ
∣∣∣∣∣∣∣
(Σ1,Σ2, 0)
(τ, 0), 2τ
〉
, (7)
with Lˆ =
√
2L+ 1. The oeients in brakets < | >
denote isosalar fators [9, 10, 11, 12, 13℄. The expliit
results will be published in a separate artile [13℄.
The
198
Hg(~d, α)196Au reation is haraterized by the
transfer of a orrelated neutron-proton pair with spin
S = 1. Sine the angular momentum of the ground state
of
198
Hg is zero, the transfered total angular momentum
λ is equal to the angular momentum J of the nal state
of
196
Au. Thus for eah value of λ = J there are three
dierent transfers orresponding to L = J − 1, J and
J + 1. Sine the initial and nal states have opposite
parity, parity onservation limits the allowed values of
L to be odd. The transferred angular momentum and
parity of the two-nuleon transfer operator in Eq. (5) is
Jpi = 0−, 1−, 2−, 3−, 4−. The L transfer with total
angular momentum J is denoted as LJ . The seven pos-
sibilities are P0, P1, P2, F2, F3, F4 and H4.
The experimental values of the spetrosopi strengths
GLJ for the transfer of a neutron-proton pair were deter-
mined from the measurement of the angular distributions
of the dierential ross setion and the analyzing power
of the
198
Hg(~d, α)196Au reation [7℄. Theoretially, the
spetrosopi strengths an be written as
GLJ =
∣∣∣∣∣∣
∑
jνjpi
gLJjνjpi
〈
196
Au
∥∥ (a†jνa†jpi )(λ) ∥∥198Hg〉
∣∣∣∣∣∣
2
, (8)
where the oeients gLJjνjpi ontain fators that arise from
the reation mehanism for two-nuleon transfer rea-
tions, suh as a 9 − j symbol for a hange of angular
momentum oupling from jj to LS oupling and a Talmi-
Moshinksy braket for the transformation to relative and
enter-of-mass oordinates of the transferred nuleons [6℄.
The nulear struture part is ontained in the redued
matrix elements of Eq. (7).
In order to ompare with experimental data we al-
ulate for eah ombination of LJ the relative strengths
from the ratio
RLJ = GLJ/G
ref
LJ , (9)
where GrefLJ is the spetrosopi strength of the referene
state for a partiular LJ transfer.
The tensorial harater of the transfer operator of
Eq. (5) shows that in the supersymmetry sheme only
states in
196
Au with (τ1, τ2) = (
3
2 ,
1
2 ) and (
1
2 ,
1
2 ) an be
exited (see Table I). The angular momentum states be-
longing to (32 ,
1
2 ) have J
′ = 12 ,
5
2 ,
7
2 and J = J
′ ± 12 .
Table I shows that they an only be exited by the ten-
sor operator T3. Therefore, the ratios of spetrosopi
strengths to these states provide a diret test of the nu-
lear wave funtions, sine they do not depend on the
oeients gjνjpi , but only on the nulear struture part,
i.e. the redued matrix elements of T3. If we take the
states with [N1, N2] = [5, 1], (Σ1,Σ2, 0) = (5, 1, 0) and
(σ1, σ2, σ3) = (
11
2 ,
3
2 ,
1
2 ) as referene states, we nd
RLJ =
N + 4
15N
, (10)
for [5, 1], (5, 1, 0), (112 ,
1
2 ,− 12 ) and
RLJ =
2(N + 4)(N + 6)
15N(N + 3)
, (11)
for [6, 0], (6, 0, 0), (132 ,
1
2 ,
1
2 ). The numerial values are
0.12 and 0.33, respetively (for N = 5). The angular
momentum states belonging to (12 ,
1
2 ) have J
′ = 32 and
J = J ′± 12 . Table I shows that they an be exited by the
tensor operators T1 and T2. For these states the ratios
RLJ depend both on the reation and struture part.
In Fig. 1 we show the experimental and alulated ra-
tios RLJ . The referene states an easily be identied
sine they are normalized to one. The P0, P1, F3, F4
and H4 transfers are normalized to the states assigned as
[5, 1], (5, 1, 0), (112 ,
3
2 ,
1
2 ), (
3
2 ,
1
2 ), whereas the P2 and F2
transfers to the [6, 0], (6, 0, 0), (132 ,
1
2 ,
1
2 ), (
1
2 ,
1
2 ) states.
We observe in general that there is good overall agree-
ment between the experimental and theoretial values,
espeially if we take into aount the simple form of the
operator in the alulation of the two-nuleon transfer
reation intensities. We an see that large ratios are well
reprodued exept for one related to a 4− state and that
all small ratios are onsistent with the experimental data.
These results have led us to a hange in the assignment
used previously for the 2− state at 166.6(5) keV [14℄. It is
now assoiated to the theoretial state with labels [5, 1],
(5, 1, 0), (112 ,
1
2 ,− 12 ), (12 , 12 ).
In onlusion, we have studied the two-nuleon pikup
reation
198
Hg(~d, α)196Au as a test of the nulear super-
symmetry sheme proposed for the Pt-Au region [4, 5℄.
Two-nuleon transfer reations (~d, α) not only oer a
powerful tool to help establish the spin and parity assign-
ments of the energy levels in the odd-odd nuleus
196
Au
[7℄, but also provide a sensitive test of neutron-proton
orrelations in the wave funtions. The symmetry stru-
ture of the model gives rise to seletion rules and param-
eter independent preditions of ratios of spetrosopi
strenghts whih only depend on the nulear struture
part, and not on fators that arise from the kinematial
40- 1- 2- 3- 4-
Jpi
0
1
RLJ
0
1
RLJ
0
1
RLJ
L = 1
L = 3
L = 5
0- 1- 2- 3- 4-
Jpi
0- 1- 2- 3- 4-
Jpi
0
1
RLJ
0
1
RLJ
0
1
RLJ
L = 1
L = 3
L = 5
0- 1- 2- 3- 4-
Jpi
Experimental Calculated
Figure 1: Ratios of spetrosopi strengths. The wave funtions of the nal nuleus
196
Au are given by Eq. (4). The two olumns
in eah frame orrespond to states with Spin(5) labels (τ1, τ2) = (
3
2
, 1
2
) and ( 1
2
, 1
2
), respetively. The rows are haraterized
by the labels [N1, N2], (Σ1,Σ2, 0), (σ1, σ2, σ3). From bottom to top we have (i) [6, 0], (6, 0, 0), (
13
2
, 1
2
, 1
2
), (ii) [5, 1], (5, 1, 0),
( 11
2
, 1
2
,− 1
2
) and (iii) [5, 1], (5, 1, 0), ( 11
2
, 3
2
, 1
2
).
part. A omparison with experimental data shows a sur-
prisingly good overall agreement with the preditions of
the supersymmetry sheme and, in this way, lends further
support to the validity of the supersymmetry sheme in
atomi nulei, espeially in the Pt-Au mass region. More
tests involving the
194
Pt and
196
Au nulei [13, 15℄ as well
as nulei in other parts of the nulear mass table [16℄ are
urrently underway.
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